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ABSTRACT

This paper will describe tests Or precision GPS time
transfer using geodetic-quality TurboRogue recei vers. The
GPS data arc processed with the G IPSY-OASIS 11
software, which simultancously  estimates  the  GPS
satel 1 ite orbits and clocks, receiver locations and clock
offsets, as wc] | as other paral neters such as  carth
orientation.  This  GPS  solution  technique,  which
emphasizes high accuracy GPS orbit determination and
observable modeling, has been shown to enable sub- 1 ns
time transfer at global distance scales, asreporied in
previous 141711 conferencesin1991and1993.

Cil’'S-based monitoring of clock performance has been
carricd outfor several years through JI1.’s high precision
GS global petwork processing. This paper wi [l discuss
measurements of variations in relative clock offsets down
to alevel of afew tens OF picoscconds. GPS-based clock
frequency measurements wil 1 also be presented.

BACKGROUND

Global GPS (Global Positioning System) analyses at
JP1. have been doncroutinely on a daily basis since the
start of th e IG S (International  GPS  Service  for
Geodynamics) campaign in June Or 1992, C urrentl y,
GPS data from the 24 carth-orbiting GPS satellites and
over 150 groundstations' arc analyzed daily i na highly
awtomated operat ional process  using 1 S GIPSY-
OASIS I software | 1]. Cartier phase measurements from
all g round g (es are processed, and pscudorange
measurements arc used on a site-by-site basis, as explained
below. Dataare decimated to S-minute intervals, and
multiple sale.]lilc and ground station paramcters  ale
estimated.  These include th e GPS orbits and station
positions, satellite and station clocks (imodeled as white.
noise), 1 farth orientation and polar motion, tropospheric
delays, andsolar radiation pressure,  Occan loading, solid
carth tides, and satellite atlitude cffeets are also modeled
during processing.

'Global analyst.s only usc the 37 best-distributed sitesin
the network on any given day; the remainder arc analyzed
separately via precise point-positioning based on t h e
precise GPS orbit and clock solutions from the initial
processing.

Over [be. years, asignificant contri bution to realizing
better clock selutions has been simply the growth of sad,
more importantly, the improved distribution of  ground
receivers in the global GPS network. When AS  (Anti-
Spoofing) went into cffect in January of | 994,  clock
solutions temporaril y were degraded — sor newhat, due (o
effects on the pscudorange  observables  which  were
initially not properly modeled [2]. Currently, with AS
routinely operational, pscudorange data from sites using
the older Rogue GPS receiver models ar ¢ excluded, while
the p scudorange data from the modern ‘1'u rboRogue and
other types Or GPS receivers arc generally included. The
TurboRogue receivers produce ionospherical |y calibrated
precise phase and pseudorange observables whether AS s
on or off, without requiring knowledge of the Y-code.
Adding pscudorange in this manner greatly improves  ¢lock
resultsunder AS conditions,

The global networkused in daily analyses now
consists OF 1ore than 150 GPS ground receivers OfF
varying types.  The frequency standar ds used at cach
station also vary. Most silts use. the receiver’s internal
(quartz) oscillator as a clock; however, there arc primarily
three other external standards used: Rubidi um, Cesium,
and the 1 lydrogen Maser.  The breakdown over the entire
current network and some typical performance statistics
are shownin Table 1.

Table 1 : Global Network f1equency standard makeup.
Rootmeansquare (RMS) values are typical results based
011 January 199624-111 GGPS-based lincar {its between the

station clock and a reference maser

TYPE NUMBER RMS (as)
11-Maser 25 0.08-0.30
Cesium (Cs) 16 1-2
Rubidium (Rb) 11 1, 20,100
Quartz. (steered) * 80-100
Quartz (unsteered) * >1000"

Flotal nu mber of quartz (steered and unsteered) = 102

It is interesting to note thatthe observed noise
performance 01 some OF theinternal quartz. standards is
statistically similarto SA (Sclective Availability). This
occurs for | eceivers whose internal osci 1 lators are sleered
to GPS time, which is affected by SA at about the 70-ns
level. This paper focuses (M results from [l-maser stations
in order to il lustrate the accuracy obtained with precision
GPS time transfer.



RIISULTS

1 ‘igure 1 represents an example Of a typical one-day
clink solution between two masers, onc of which is uscd
as the reference clock. The stations are located at Weltzell,
Germany (WT7R) and Onsala, Sweden (ONSA); this
baseline is about 900" Km. Both silts use TurboRogue
receivers and therefore, pscudorange data from both were
uscd in the analyses. The clock rate is '231.12" ns/day ad
the RMS of the residuals aboutalincar fitis 0.028 ns.
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Figure 1: 24-hour H-Maser clock comparison with GPS,
The rms aboutalinear fit is ().()28 ns.

The set of illustrati ons in Figure 2 shows a similar
example of relative clock calibration with the  precision
GPS technique, but over a longer period of' 72 hours, and
overmuchlonger baselines which ran ge from about 2,800
to 12,100” Km. The three stations used in these plots
again empl oy TurboRogue receivers and are located at
Tidbinbilla, Australia (T11 )2); Algonquin Park, Ontario
Canada (Al .GO); and Pictown, Ncw Mexico, USA (PIL1).

Three individual daily solutions were combined (for
April  15-17, 1996; dotted 1ines indicate the day
boundaries) and, as shown, the. daily rates agree from one
day to the next to within 1 ns/day (with one exception
where a change of 1.6 ns/day over one day was measured),
cxemplifying the consistency of the GPSresults and
stability of the miasers from day to day.
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Vigure 2a-c: 72-hour H-Maser clock comparisons with

GP'S. In Fig. 2a,the RMS about the three daily linear

fitsarc (),062, ().1 59, and 0.088 ns;in}ijg, 2b they arc

0-111, 0.077, and ().146 ns; in kig. 2c they arc ().1 53,
0.1 80, and 0.128 ns,

Figure 3 represents t h e combined stability of the GPS
technique and masers over the same 72-hour period. For
cach maser pair shown in Fig ure 2 above, a lincar fit is
done to the entire 3-day clock  solution, and the respective
residuals are plotted. The sub-ns residuals achicved over
three days arc indicative Of the precision of the GPS
technique as well as the relative stability Of the masers.
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Figure 3a-¢: 72-hour }1-Maser linear fit residuals

The plots in Figure 4 show statistical behavior Of the
GPS clock solutions over a varicly of timescales. The
Allandeviation () of each bascline pair clock solution is
shown, after removal Of a linear drift. 1t is apparent that
the typical noise floor of the combined GPS time trans(et
plus a pair Of nascrs is between 4 x 10 and 9 x 1 01
occurring between 1 values of 107 and 10° seconds.
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Figure 4a-c: 72-hour H-Maser Allan deviation

LRROR ANAIL.YSIS

The accuracy of  the chained clock solutions depends
on a number 01 error components.  These can include
measurcient noise, GPS signal mul tipath al the silt,
crrori nthe satellite orbit, uncalibrated tropospheric delay,
and instrumental delay. Figure 5 bel ow is an cstimatc Of
the GPS noisc component due (o instrumental delay
variations. The Al lan deviation for a 1 0-day (January 3-



12, 1
same exact location is shown.  Oncof these reccivers,
CANRB, is of the older Rogue type, and consequently, its
pscudorange data were notincloded, As bothof these
receivers are connected to the same  GPS antenna and use
the same H- mascer, all errors from sale.lli[c orbits,
atmosphere, geodetic parameters, and the maser itself are
effectively canceled, and effects from receiver noise and
from multipath arc large.ly climinated as well. What
remains is noise ducto diffcrent changes ininstrumental
delays In the two reccivers. The observed GPS
measurement noise under these conditions is shown 1o be
Justacr 5 x10 ‘C for a 1 of about 300,000 scconds.

996) clock solut ion between (wo receivers at the
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14gure 5: 1 ()-day Allandeviationof GPS datafor a “zero-
baseline” case. Maser noisce dots notcontribute to plot.

Global  GPS  estimation is  a  powerful tool for
montoring relative clock variations between different time
offsets is desirable, (his requires exacting calibrations for
al | cable and hardware component delays in the receiver,
and bet ween the output of the clock or ti ming device and
the output of the GIS yecciver. At the present time we
have cvaluated performance for using GPS o perform a
different, but still useful function: namely, the monitoring
o1 clock or 1i me standard gtabil it y and frequency changes
through relative clock and frequency offset est imat ion,
Such a function is extremely important at obscrvatorics
and space.craii tracking facilitics, such as the NASA/IPL,
1)eep Space Network, where high Tevels of performance of
very high accuracy time standards (such as hydrogen
mascrs) are essent ial, In addition, GPS can be used to
make comparative measurements between di fferentti me
standards. The accuracy of the GPS technique for
measuring relative clock offsets and stabilitics can be
inferred from statistics of  Cil'S-based clock solutions for
time standards which arc known (or believed) (o be very
stable. In addition, certain errors or instability levels can
be caleulated analytically. la the following section, we
provide approximate crror budgets for GPS estimation 01
clock variat ions over t wo di fferent i me regimes: 1,000-

see, and 100,000 sce, corresponding to slightly more than
15 minutes and slightly more than one day.

The  highest  accwmacy  method  for  GPS-based
estmalion Of clock offsets requires that precision models
for GPS observables be utilized and that high accw acy
cstimation techniques be employed. This type Of analysis
at JPI. dales from the mid-1 980s, and most recently daily
1 1’1, GPSsolutions have achieved accuracy of betler than
1 cm globally for ground coordinate estimates, and
accuracy of better than 15 em{or GPS orbits| 1 ]. Thiese
soluti ang are produced every day al JPF, and the analysis is
highly automated. The tansmitter and receiver clocks,
along with other parameters such as tropospheric path
delays, Yarthorientation, and GPS phase biases, are also
determined. Independent tests have repeatedly confinmed
that the overall system accuracy s extremely good. An
crror  breakdown  for  system  performance  can be
analytically caleulated These calculations have been done
and have been shows to be consistent wilb other measures
of accuracy involving independent comparisons with non-
GPS techniques for the orbit, atmospheric and geodetic
parameters which are estimated along with the clock
parameters. Tor instance, GPS satellite positions have
been  independently  measured  with  laser  ranging;
tropospherc delays have been independently measured with
watel vapor radiometers; and geodetic parameters have
bcca independently measured with laser ranging and very
long bascline interferometry.

A 15-cm GPS orbit error projects (o a  diflerential
range crrorof slightly less than 5 ¢m (about O. 15 ns) for
two silts separated by the diameter Of the Yiarth. Because
the stati on clock estimalte is actually based on an average
of datafrom 8 GPS sate.1 | ites, and since other paranieters
arc also being estimated SI™M ultancously one Wrould expect
that the actual station clock crror from these. orbit cirors
would beless. Figure 6 shews error budgets for the 1,000-"
scc and 1 00,000-sec t ime interval cases. Wc adopt the
0.15 ns value as a conservalive estimate of GP’S-based
ground clock error from orbit effects. Such orbit-related
cffects, however, arc manifested only after some i me
comparable to the (i I'S orbital period has passed, since
over very short times these orbit errors would be highly
correlated, appearing as a bias and therefore not observable
over shot Ltime intervals for relative clock estimates.
1 lence the plot shows nearl y zero orbital effect for the
short timeinterval case (1,000 see) and (. 15 ns for the
100,000 time interval case.

Other en ors included in the plot are: troposphere high-
frequency “noise” (from atmospheric {luctuations) and
systematic 1 oposphere mismodeling, the latter affecting
theaccuracy of the tropospherc parameters estimated in the
Gl ‘S analysis; cable and receiver instabil 1ties (from
temperature variations, for instance), which are imprortant
primarily forlonger lime intervals (greater than 12 hrs);
and MW (ipath, which is known to adda few mm of crror



to the carrier phase observable used (o track short-term
clock varations, and to add several em 01 error (o the
pseudorange- based estimates of the carrier PHase piases -
the lat ter error persist ing for cach satel Tite track of about
1 0,000 sec duration. lonospheric delays are corrected by
dual-frequency  combinations Of 1,1 and 1,2 GPS
obser vables. The root sum suare (RSS) of the c.11017s,
whichare assumed tobe independent, is about 0.02 ns for
the short (1,000-see) timescale, and about 0.?22 ns for the
Im~gcr(100,(K)()-scc) timescale.

The quantities shown in Fig. 6 represent typical
anticipated performances based on current knowled ge about
the performance of the GPS analysis technique used al
JI'l,- However individual cases may be better than what is
shown in 1 fig. 6. Multipath and troposphere tend to be
fairly silt-specific, andlower errors than those shown in
1 ‘g. 6 for the 100,000-sec interval are not uncommon.
For instance, the scatter about a linear fit shownin Fig. |
for the Wetzell- Onsala clock comparison is considerably
better than the 0.2 ns expected from 1iig. 6. The reasons
for this are several: due to the relativel y short separation
01 these (wo sites (about 900 Km), the re is sig nificant
orbit error cancellation (about a factor of (en as compared
to the 1 0,000 km distance assumed for the 0.2 ns case in
Fig. 0); also, rcelatively close-by sites may have similar
temperature  conditions  and thus  temperaturc-it duced
variations inhadware may be common and partially
cancel. The clock estimate scatlers o v e r the longer
baselines showninlig. 3 and over the zero- bascline
shown in Fig. 5 arc consistent with the error budget
shownin¥ig. 6. in summary, lig. 6 represents a fairly
conservative range of relative clock esti male errors which
can be anticipated from the high-accuracy GPS ecstimation
techniques used at 377

lig. 6 implics a total GPS mecasurement noisc
contribution Of about 2x 10" at 1 00,000 sec. The
obscrved Allan deviations in Iig. 4, which include noisc
from both the masers and the GPS measurements, aie
between 4x 10 P and 9x 1 0% a1 100,000 scc. These highes
observed variations may be due to either the actual maser
stabilities in the field, or to GPS system errors which are
notful Iy accountedfor inthe error bud.yet.

11 is possible that using a global ensemble clock Of H-
masers connected by GPS time transfer would provide a
more stable reference clock to use for compari sons with
individual frequency standards whose noise characteristics
are being probed. This concept is i nitiall y exploredin a
paper by Young, et. al., also presented in these
proceedings.
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1 igure 6:1 aror breakdown caleulated for GPSrelative
clock measurcments.

CONCIUSION

11 has beenshownthat, with our current estimation
strategies and models, precision GPS techniques can be
used 1o achieve clock calibration at well below  the
nanosccondlevel . The GPS techniques described in this
paper therefore have the potential to monitor actual long-
ternt field performance of hydrogen naasers (and other
frequency standards). FHut ure work wil 1 focus 011 further
improvement  of the precision of the [il’s  clock
estimation methods, and on better separation 0f noise
contributions  from the GPS  mecasureiment  technique
versus  noise  effeets in the precise time  standards
themselves.

The work described in this paper was carried out by the Jet
Propulsion  1.aboratory,  California  Institute  of
Technology, under contract with the National Acronautics
and Space Administration,
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